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METHOD AND IMPLANTABLE ARTICLE 
FOR PROMOTING ENDOTHELIALIZATTON 

FIELD OF THE. INVENTION 

This invention relates to the field of biomaterials, implantable medical devices, 
and cell biology. In particular, the invention relates to methods for improving the 
performance of medical devices when implanted in a biological environment. In 
another aspect, the invention relates to devices such as implantable vascular grafts. 

BACKGROUND OF THE INVENTION 

Biomaterials have long been used in reconstructive surgery to replace 
or injured organs. Most biomaterials currently used for fabricating implanted devices 
were originally developed for nonmedical applications. Such materials were initially 
considered suitable for use in fabricating implant devices if they were nontoxic and 
had physical properties that would allow the fabrication of desired devices. However, 
it appears that most if not all commonly used implanted biomaterials have some 
potential to produce undesirable responses at the material-tissue interface. See, e.g. , 
Hanker, J.S. and B.L. Giammara, "Biomaterials and Biomedical Devices", Science 
242:885-892(1988). 

Currently, implanted devices are considered successful in situations where any 
undesirable surface responses that may occur do not unduly affect the host, or 
significantly interfere with the primary function of the device. For example, the 
formation of a thrombus layer on the luminal surface does not typically affect the 
function of a large diameter vascular graft, whereas it may occlude a small diameter 
graft 

Initial resea r ch into the development of materials having improved 
biocompatibility focused largely on the generation of materials showing minimal 
reaction with tissue. Although this approach has improved the function of several 
devices, further improvements in the compatibility and performance of implant 
devices are desired. 
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Such improvements may involve the generation of biomaterial surfaces that 
actually promote desirable tissue interactions, for instance, adhesion and infiltration 
by specific desirable tissue cells (Hanker et al.). One type of desirable tissue 
infiltration involves the process known as "endothelialization", which in the case of 
a vascular graft would involve the migration of endothelial cells from adjacent tissue 

onto the luminal surface (i.e., the surface lining the lumen) and into the lumen of the 
graft. 

As applied to a vascular graft, for instance, such endothelialization can occur 
via two different mechanisms (Greisler, H.P., New Biologic and Svntherir Vacmiar 
Prostheses, R.G. Landes, Co., Austin, Texas (1991)). One mechanism, termed 
"transanastomotic* endothel i al iz a t ion, involves promoting pannus ingrowth 
longitudinally into the graft, from the lumen of the blood vessel into which the graft 
is inserted. Endothelialization via this method results in endothelial cells lining the 
lumen of the graft, with few if any endothelial cells in the porosity of the graft 

The other mechanism, termed "transmural" or "transinterstitial" 
endothelialization, involves promoting the ingrowth of capillaries and/or capillary 
endothelial cells through the graft wall and into the porosity. Such endothelial cells 
originate in the microvasculature of adjacent tissue external to the vascular graft, and 
grow through the vascular graft wall, in part by virtue Of its porosity. Under 
appropriate conditions, the endothelial ceUs are able to grow through the graft wall 
and colonize the graft lumen. 

The ingrown endothelial cells are often able to then form capillaries within and 
through the pores of the material forming the vascular graft; however, such cap illar y 
formation has not been verified to be an essential component of the process itself. 
Since the endothelial cells themselves originate from capillaries, and napMlarifs are 
often observed within the graft porosity, transmural endothelialization is sometimes 
also referred to as "capillary endothelialization". The process of capillary 
endothelialization can be distinguished by its sequential cellular steps, including the 
initial attachment of endothelial cells to the graft material, followed by their 
spreading, inward migration, and optionally, proliferation. 

Physical approaches for improving endothelialization have tended to 
concentrate on the surface itself, for instance, the porosity or roughness qualities of 
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the surface. Goldon et. al., for instance, reported that expanded 
polytetrafluoroethylene ("ePTFE") grafts with an intemodal distance of 60 fim 
provided an optimal porosity to allow transmural endothelialization in baboons. (See 
Golden, M.A., S.R. Hanson, T.R. Kirkman, P.A. Schneider, and A.W. Clowes, 
"H ealin g of Polytetrafluoroethylene Arterial Grafts is Influenced by Graft Porosity", 
J. Vase. Sura . 11:838-845(1990). 

A similar type of ePTFE graft with the same 60 /xm intemodal distance was 
implanted in patients, however, and did not allow endothelialization. (See Kohler, 
T.R., J.R. Stratton, T.R. Kirkman, K.H. Johansen, B.K. Zierler and A.W. Clowes, 
"Conventional Versus High-Porosity Polytetrafluoroethlene Grafts: Clinical 

Evaluation", Surgery 112:9 01-907 (1992)). Applicants have established that the 
ePTFE grafts implanted in patients were different than those implanted in baboons, 
in that the ePTFE grafts used with patients were of a modified type employing an 
outer wrapping of a reinforcing film. 

The product known as "Gore-Tex Vascular Graft”, for instance, is described 
as having an average fibril length of 25 microns, in order to allow incorporation of 
surrounding tissue into the graft implant. This particular product, however, also 
provides a reinforcing film, integral with the graft outer surface that is said to provide 
external support for the graft, prevent aneurysmal dilatation, enhance suture retention, 
and prevent a problematic "zippering" effect. In other experiments transmural 
endothelialization in dogs was produced by an ePTFE graft in which 800 fim pores 
were created with a needle; however the porosity was so great that preclotting was 
required to prevent excessive bleeding. (Kusaba, A., C.R. Fischer, m, T.J. 
Matulewski, and T. Matsumoto, "Experimental Study of the Influence of Porosity on 
Development of Neoin tima in Gore-Tex* Grafts: A Method to Increase Long-term 
Patency Rate”, Amer. Sure . 47:347-354(1981)). 

Gx pwt h F actors. 

Apart from physical approaches for achieving endothelialization, certain 
chemical approaches have been attempted as well. These have tended to concentrate 
on the use of various proteins, including growth factors and cellular adhesion 
proteins, or the form of protein attachment to the surface. 
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Growth factors (GF’s) are soluble polypeptides (with molecular weights that 
typically range from 5 to 50 kilodaltons) that are able to diffuse through the body and 
stimulate cell division (proliferation). To date it appears that only one type of GF, 
particularly FGF-1, has been reported to promote capillary endothelialization into a 
vascular graft. (Greisler, H.P., £ few Biplggjg and Synthetic Vascular 
R.G. Landes, Co., Austin, Texas (1991)). In this report the GF was not immobilized 
to the device, however, and in fact was provided in a form that would allow it to 
become solubilized. Specifically, a mixture of fibrin glue, heparin, and FGF-1 was 
used to fill the interstices of a 60 /xm intern odal distance ePTFE vascular graft. The 

graft was subsequently implanted into rabbits and dogs and resulted in improved 
transmural endothelialization. 

It appears that the fibrin glue slowly degraded to release soluble FGF-1, which 
in turn stimulated the proliferation and migration of endothelial cells to produce 
capillary endothelialization. In addition to being soluble, FGF-1 has the undesirable 
secondary effect of promoting the proliferation of smooth muscle cells. These cells 
also invaded the graft porosity and became hyperplastic in the graft lumen, a result 
which would not be considered suitable for medical use. Kang, S.S., D. Ren and 
H.P. Greisler, "Vascular Smooth Muscle Cell Growth on Fibrin Glue Containing 
Fibroblast Growth Factor-1 and Heparin”, Trans. Soc Biomat. 17 :T3 (1994). 

Adhesion molecules 

Adhesion molecules are typically large proteins, carbohydrates or 
glycoproteins (typically 100 to 1000 kilodaltons) which serve to bind to specific cell 
surface receptors. In turn, they mechanically attach cells to either a substrate 
("surface adhesion molecule", or "SAM") or to adjacent cells ("cell adhesion 
molecule", or "CAM"). It does not appear that CAM’s have been suggested or used 
for the improvement of capillary endothelialization characteristics in implant devices. 

Although a number of SAM proteins have been shown to improve tissue 
integration with implanted devices (e.g., demonstrating increased fibroblast growth, 
increased bonding by subcutaneous tissue, decreased inflammation and necrosis of 
adjacent tissue, and decreased fibrous capsule formation around the implanted 
devices) it appears that none have been demonstrated to improve capillary 
endothelialization. See, for example, Okada, T. and Y. Ikada, "Tissue Reactions to 
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Subcutaneously Implanted, Surface-Modified Silicones", J. Biomed Mater. Res . 
22:1509-1518(1993); Kirkham, S.M. and M.E. Dangel, "The Keratoprosthesis: 
Improved Biocompatability Through Design and Surface Modification’ , Oohth. Surg. 
22:455-461 (1991); Clapper, D.L., S.M. Kirkham and P.E. Guire, "ECM Proteins 
Coupled to Device Surfaces Improve in vivo Tissue Integration", J. Cell. Biochem . 
18C :283 (1994); and Kito, H., N. Nakajima and T. Matsuda, "Differentiated 
Biocompatible Design of Luminal and Outer Graft Surfaces. Photocurable 
Extracellular Matrices, Fabrication, and Cellular Response", ASAIO Journal 
22:M506-M511 (1993). 

Williams et. al. demonstrated that adsorption of several different SAM 
proteins (including fibronectin and a combination of types I and in collagen) onto 
vascular grafts improved the in vitro attachment of endothelial cells. The proteins 
were added for the purpose of evaluating cell seeding, however, and there was no 
indication of any effect on capillary endothelialization. 

Similarly, adsorbed fibronectin was reported by Seeger et al. to produce a 
slight (i.e., two-fold) increase in the retention of endothelial cells that were added 
prior to implantation of vascular grafts into dogs. (See, respectively, Williams S.K, 
et. al., "Adult Human Endothelial Cell Compatibility with Prosthetic Graft Material", 
J. Surg. Res. 38 :618-629 (1985) and Seeger, J.M. and N. Klingman, "Improved In 
Vivo Endothelialization of Prosthetic Grafts by Surface Modification with 
Fibronectin", J. Vase. Surg . 8:476-482 (1988)). 

Covalent Bonding. 

Chemical factors have been attached to support surfaces in a variety of ways, 
including by passive adsorption as described in a variety of the references above. US 
Patent Nos. 4,979,959 and 5,263,992 relate to the preparation and use of 
biocompatible devices, wherein a biocompatible agent is covalently bound, via a 
photoreactive group within a chemical linking moiety, to a biomaterial substrate. 

With regard to SAM’s, Kito et. al. (cited above) used photochemistry to coat 
the outer surface and to fill the porosity of Dacron vascular grafts with gelatin. The 
luminal surface was then coated with chondroitin sulfate. After implantation in dogs 
for one week, the grafts showed enhanced fibroblast ingrowth from the outer surface 
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into the graft porosity and no endothelial cells on the luminal surface. No capillary 
endothelialization was reported. 

In another study, adhesion proteins were immobilized by the use of 
"photochemistry" to the surface of grafts formed from either polyurethane or ePTFE 
(Clapper, D.L., K.M. Hagen, N.M. Hupfer, J.M. Anderson and P.E. Guire, 
"Covalently Immobilized ECM Proteins Improve Patency and Endothelialization of 
4 MM Grafts Implanted in Dogs", Trans. Soc. Binmat ( 1993 )). Applicants 
have since established that the particular ePTFE graft material was provided in a form 
as described above, i.e., having an outer wrapping of an external reinforcing film, 
integral with the graft outer surface, that would serve to greatly reduce wall porosity. 
The polyurethane, in turn, had few if any pores that extended completely through the 
graft walls. Using a dog model, both grafts demonstrated various degrees of 
improved endothelial cell coverage when coaled with either fibronectin or type IV 
collagen, or both. The endothelial cells present on the graft lumen in each case likely 
migrated from the lumen of the adjacent artery by the process of transanastomic 
endothelialization. Each type of graft was essentially nonporous and all endothelial 
cells observed on luminal surfaces of graft were parts of continuous layers of 
endothelial cells that extended to the lumens of adjacent arteries. Such a pattern of 

cell growth is consistent with transanastomotic, as opposed to transmural, 
endothelialization. 

Examples have been reported in which covalently immobilized proteins 
produce improved tissue integration with implant devices. For example, when 
coupled to silicone rubber (via a combination of corona discharge, graft 
polymerization and carbodiimide coupling), type I collagen was able to reduce the 
thickness of fibrous capsules that formed after subcutaneous implantation in rats for 
16 weeks (Okada, T. and Y. Ikada, "Tissue Reactions to Subcutaneously Implanted, 
Surface-Modified Silicon es", L Biomed. Matw 22:1509-1518 (1993)). Tyj* 

I collagen is thrombogenic, however, and would not be suitable for use with implants 
such as vascular grafts. 

In another experiment, a coating of type IV collagen was photoimmobilized 
onto silicone rubber breast implants and implanted subcutaneously in pigs for 16 
weeks. The coated implants showed greater bonding of tissue to the device surface 
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and thinner fibrous capsules (Clapper, (1994), above). The implants were not 
described as being porous, however, and no capillary endothelialization was 
described. 

In yet another situation, a coating of type I collagen was applied to a solid 
polymethylmethacrylate intracomeal lens and implanted in rabbit corneas for 15 
months. The implant promoted bonding of stromal tissue, reduced inflammation 
adjacent to the device, and greatly reduced necrosis of comeal tissue over the device 
(Kirkham et al., above). Again, the implant was not porous and no capillary 
endothelialization was described. 

Lastly, Kinoshita, Y., T. Kuzuhara, M. Kirigakubo, M. Kobayashi, K. 
Shimura, Y. Okada, "Soft tissue reaction to collagen-immobilized porous 
polyethylene: subcutaneous implantation in rats for 20 wk", Biomateriak Vol. 14, 
No. 3, 209-215 (1993) described a polyethylene sheet material having large porosity 
(400 micron pores), with collagen I covalently coupled by graft polymerization. The 
material was found to improve tissue ingrowth when implanted subcutaneously into 
a rat model. The sheet material was not described as having sufficient properties 
(e.g., unsupported rigidity) for the preparation of a vascular graft, nor was it 
described as having sufficient porosity for that purpose. Also, and as described 
above, collagen I would actually be considered unsuitable for use with a vascular 
graft, in view of its thrombogenic nature. 

To date it appears that the art is still in need of materials and related methods 
for providing an implant surface that is capable of effectively, predictably and 
reproducibly promoting transmural or capillary endothelialization. It appears that 
nothing in the art to date suggests or attempts, let alone achieves, the covalent 
attachment of a suitable adhesion factor to a rigid (e.g., unsupported) porous support 
surface of an implantable device, in a manner capable of promoting or improving 
endothelialization into or through the walls of the device. 

SUMMARY OF INVENTION . 

The present invention provides an article comprising an implantable medical 
device formed of a rigid, porous biomaterial providing a surface bearing an 
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“' hKi0n m0lCCUl ' “ *»oum and type Stable to promote capiltoy 
endothehaliza&on of the device in vivo. 

AppBants have found that in view of .he present invention, biomaterials can 

be provuied havu.g the rigidity necessary for the uae of an implant in vim, while a. 

tiw same Ome providing the porosity necessary to allow the growth of ca pillaries 

dwough the porea of the biotnaterial. Practice of the present invendon thereby avoids 

“* conventional twd to rely on protons snob as porous ePIPE having an outer 

mtnibrcmg film for use in vascular grafts. Instead, the invendon allows the use of 

ponrus ePTFE itself, modified only by the immobilized adhesion molecules described 
herein. 

In a particularly preferred embodiment, the article is in the form of a v ascular 
gnft and ti» biomaterial is setoried ftom the group consisting of mtrafluoroetitylene 
polymers (such as ePTFE), aromatic/aliphatic polyester resins (such as polyethylene 
teephthalate (■PET") and polyfbtnylene temphthalate) CPBT), polyurethanes, and 
stiKnne robbers (such as hea, cured rubbers and those formed ftom 'mom 
•b^arnm vulcanizing- (RTV) silicone elastismem). In , ftmher prefer 
embodiment, dm adhesion molecule is selected ftom the group consisting of 
flbnmectin, ianunin, and collagen. Vascular gmfts of the invention exhibit 
Performance characteristics that closely approximate those of natural vessels, e.g in 
terms of integrity, strength, and endothelial cell coverage. 

In a further preferred embodiment the vascular graft is formed ftom ePTFE 
bavtng poms extending through the gmft wall, and exhibiting on the order of 10 to 
300 urn mtemodal distimee, as detennined by scanning election micmscopy. In such 
an embodunent, the adhesion molecules are covalendy immobilized to the surface 
including the pore surfaces, of the implant by means of photochemistry 

Vascular gmfts of the pro*, invention have been fotmd „ promote 
rfgntficandy unproved endothelializadon when evaluamd in rfro Such improvement 
can be expressed in tenns of either tit. number of cells found to colonize pom 
and the interim surface of the biomaterial, and/or in terms of the speed of 
endotitehahzanon upon contiw. with the body. Prefened gmfts demonstiate on the 
onto of threefold or greater improvement in either or both respects as compamd to 




WO 96/37165 



PCT/US96/07695 



- 9 - 

uncoated controls, and preferably four-fold or greater. As compared to other known 
techniques, these results represent significant improvement. 

In another aspect, the invention provides a method of preparing an implantable 
medical device; an implantable medical device preparable by such a method; and an 
implantable medical device prepared by such a method. The device can be formed 
either by pretreating a biomaterial with adhesion molecules and then fabricating the 
device from the treated biomaterial, or by first fabricating the device and then treating 
the exposed surfaces of the device. In a preferred embodiment, the method comprises 
the steps of: 

(a) providing an implantable device formed of a porous, rigid biomaterial 
providing a tissue contacting surface; 

(b) contacting the surface with adhesion, molecules bearing one or more 
latent photoreactive groups; and 

(c) activating the photoreactive groups in order to immobilize the adhesion 
molecules to the surface. 

In a further aspect, the invention provides a method of promoting 
endothelialization in an implanted medical device, the method comprising the steps 
of; 

(a) providing a implantable device formed of a porous, rigid biomaterial 
providing a tissue contacting surface; 

(b) contacting the surface of the biomaterial with adhesion molecules 
bearing one or more photoreactive groups; 

(c) activating the photoreactive groups in order to immobilize the adhesion 
molecules to the surface, and 

(d) implanting the device in contact with bodily tissues or fluids. 

DETAILED DESCRIPTION OF THE INVENTION 

The present invention provides an article comprising an implantable medical 
device formed of a porous, rigid biomaterial that provides a surface bearing an 
immobilized adhesion molecule in an amount and type suitable to promote capillary 
endothelialization through the surface and into the device when used in vivo. 
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As used herein, the following terms and words shall have the following 
ascribed meanings: 

“implantable medical device*, which for brevity will be referred to as a “device" or 
a “medical device*, will refer to an object fabricated, at least in part, from a 

biomaterial and intended for use in contact with bodily tissues, including bodily 
fluids; 

“biomaterial' shall refer to the chemical composition of the material used to prepare 
a device, and which provides one or more of its tissue contacting su rfaces ; 
“porosity', and inflections thereof (such as "pores“ and “porous"), shall refer to a 
biomaterial having small channels or passages which start at an external (e.g., first 

major) surface of the biomaterial and extend substantially through the biomaterial to 
an internal (e.g., second major) surfac e; 

"rigid" and inflections thereof, will refer to the ability of a particular biomaterial, 
when fabricated in the form of an implantable medical device, to withstand the 
pressures encountered in the course of its use, e.g., to retain patency and pore 
structure fix vivo; 

“surface" shall refer to the interface between the biomaterial and its environment. 
The term is intended to include the use of the word in both its macroscopic sense 
(e.g., the two major faces of a sheet of biomaterial), as well as in its microscopic 
sense (e. g., the lining of pores traversing the material). The surface is capable of 
serving as an immobilization site for cell adhesion molecules, as well for the 
attachment and migration of endothelial cells; 

■adhesion molecules- shall refer to pquides, proteins and glycoproteins capable of 

binding to a substrate and/or cells in order to attach cells to the substrate or to 
adjacent cells; 

"endothelialization” will, unless otherwise specified, be used interchangeably with the 
phrase “capillary endothelia!ization“ to refer to the growth of endothelial cells on 

substantially all tissue contacting surfaces of a biomaterial used to form a porous 
rigid device; 

DEVICES 

Devices of the present invention include medical devices intended for 
prolonged contact with bodily fluids or tissues, and in particular, to those devices that 
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can benefit from the capillary endothelializadon when used in either in vivo or in vitro 
applications. Preferred devices are implantable in the body, and include vascular 
grafts and artificial organs, such as the pancreas, liver, and kidney. Other suitable 
implant devices include, but are not limited to, devices used to implant genetically 
modified cells that deliver recombinant proteins for therapeutic use, and artificial 
tissue or organ implants, such as replacement skin, joints, and ears. 

The significance of capillary endothelialization will vary with each particular 
device, depending on the type and purpose of the device. Ingrown capillaries can be 
useful for providing perfusion into the device, e.g. , to carry nutrients to cells in the 
device and to carry away waste products. Ingrown capillaries can also be useful for 
providing endothelial cells to line the surfaces of vascular grafts to improve blood 
compatibility. 

Other suitable devices are capable of in vitro use, such as those used for the 
generation of tissue engineered organs. In the course of a tissue engineering process, 
for instance, an external device can serve as a scaffolding structure for the culture of 
cells which, in turn, will migrate, proliferate and differentiate to form tissues or 
organs, which are subsequently implanted in patients. 

BIOMATERIALS 

Devices of the present invention can be prepared from a variety of rigid 
biomaterials capable of providing a surface for the adhesion and migration of 
endothelial cells. A wide variety of suitable materials can be employed as the 
support, primary considerations being that they provide an optimal combination of 
such properties as strength, surface area, ease of preparation and use, and cost. 

Preferred support materials are synthetic polymers, including oligomers, 
homopolymers, and copolymers resulting from either addition or condensation 
polymerizations. Examples of suitable addition polymers include, but are not limited 
to, acrylics such as those polymerized from methyl acrylate, methyl methacrylate, 
acrylic acid, methacrylic acid, acrylamide, hydroxyethyl acrylate, hydroxyethyl 
methacrylate,- glyceryl' acrylate; glyceryl methacrylate, methacrylamide and 
ethacrylamide; vinyls such as styrene, vinyl chloride, vinyl pyrrolidone, polyvinyl 
alcohol, and vinyl acetate; polymers formed of ethylene, propylene, and 
tetrafluoroethylene. Examples of condensation polymers include, but are not limited 




WO 96/37165 



PCT/US96/07695 



- U 



' po,^, lacanl 

polyhexamethylene dodecanediamide, and also polypes, 

P °' yanu : POlySUlfonK ' P»W«byJene terephthalate), polylacbc m ^ ' 

aad, polydimethylsiloxanes, and polyetherketone. 

Oto suable suppori nuuerials inctode mebds and ceramics. ^ ^ 
^ude, but are no, limit* to, dranium, rainless ^ ^ ^ 

juntos include, bu, are no, limited to. silicon nitride, silicon cariiide, rireonia. aid 
^omaa, as well as glass aid silica. ePTTE is a preferred biomaterial for use in 
fabricating implantable devices of the present invention, and pardcuiariy for 
fabricating cascular grafts. S^^isavaibbleindtefonuof^^ 
from such sources as IMPKA, Inc, Tempo, AZ. The commereiady available grafts 
are constructed ofePTFEaid supplied in «. fonn in a varie* of config JL 
including straight, tapered and stepped configurations. 

Such Products are known to be biologically inc, are able to pmven, 
significant inflanmaory response, and can be prepared to have a conoolled 
microporous structure. Such biomarnrials can be characterised in a number ways 
■ncludmg by fibril length. Control of fibril Iengdi, i„ m , can be used to product 
mtaostructures dm, are capable of excluding or accepdng dssue ingrewd, 

RIGIDITY POBn^TTV 

■ . tal provide sufficient rigidity for their 

puiposes, whether used in Wvu or in rinu. For „se ^ fomil , t , ^ 

sroft. for uistance, a biomaterial will be of sufficient rigidity allow die graft to 

retain graft patency and pore structure in the course of its intended use 

Risidity of a biomaterial can be evaluared by any suitable means. The nodal 

repons of ePTTE are composed of nonporous PIPE that serves Hi provide tear 

resistance (e.g., for sutures and resistance to aneurysmal dilatation). Theintemodal 

regron. are composed of fibers of PWE which serve to connect die nodes, with dm 

between die fibers providing die porosity refened to herein. The nodal sire 

oTnodal” “ "" Per “” U8e ° f ““ COnBC “” 8 S “ rfa “ ““ « composed 

The distance between nodes can be expressed as the average fibril length In 
turn, me porosity is commonly expressed as dte intemodal disonce C,.e„ die average 
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distance from the middle of one node to the middle of the adjacent node). Preferred 
ePTFE materials have nodes of sufficient size and frequency to provide a^ natr 
strength (e.g., with respect to aneurysmal dilatation) and intemodal regions of 
sufficient frequency and fiber length to provide adequate porosity (to allow for 
capillary endothelialization). Such an ePTFE material is one that provides nodes that 
comprise on the order of 30% or more, and preferably 40% or more of the tissue 
contacting surface. 

Such materials will provide fewer, though thicker nodes, which in turn will 
confer significantly greater strength in vivo. Given the present specification, those 
skilled in the art will be able to identify and fabricate devices using biomaterials 
having a suitable combination of porosity and rigidity. 

Biomaterials are preferably suitably porous to allow the attachment and 
migration of cells, which may be followed by the formation and growth of capillaries 
into the surface. Suitable pores can exist in the form of small channels or passages 
which start at an external surface and extend partially or completely through the 
biomaterial. In such cases, the cross- sectional dimensions of the pores are larger 
than the diameter of a capillary (5 p m) and are typically less than 1 mm. 
Interconnecting pores are preferable to pits (nonconnecting pores). Preferably, 
in turn, the average diameter of such pores ranges from about 5 pm to about 1 mm. 
The porosity must be sufficiently large to allow capillary endothelialization; therefore 
the average diameter of individual pores should be greater than about 5 jtm. The 
upper pore size value is not critical so long as the biomaterial retains sufficient 
rigidity, however, it is unlikely that a useful device would have an average pore size 
of greater than about 1 mm. Such pore dimensions can be quantified by microscopic 
examination. 

With a preferred biomaterial such as an ePTFE material the porosity can be 
determined for the intemodal areas of the material. The intemodal distance and the 
node widths are also useful factors, not only in determining the overall porosity, but 
in determining the strength of the material as well. 

ADHESION MOLECULES 

Suitable adhesion molecules are typically large, naturally occurring proteins 
or carbohydrates, with molecular weights above 100,000 daltons. In vivo adhesion 




